In this paper, we show how bi-anisotropic media with omega-type response can be realized using periodically loaded transmission lines. General conditions for the needed unit cell circuit block are derived. Also, an implementation is shown and analyzed.
I. INTRODUCTION
Omega media is a widely researched reciprocal special case of bi-anisotropic media introduced in [1] . The material relations in uniaxial omega media [2] can be written as
where K is the omega coefficient and J is the antisymmetric dyadic defined as J = z 0 × I. It has been suggested that omega media can be realized by embedding Ω-shaped metal inclusions, i.e., centrally connected small dipole and loop antennas, into a conventional dielectric. However, as such wire omega particles are resonant structures with all the polarizabilities resonant always in the same frequency, the operational bandwidth, i.e., the bandwidth where K = 0, and the tunability of medium parameters in general are very limited. This, in turn, limits the possibility for practical applications. Here, we consider possibilities of realizing omega media with periodically loaded transmission lines (TLs). First, we compare the wave impedance of omega media with the Bloch impedance of a general periodically loaded TL and derive required conditions for omega-like response. Second, a T-type circuit topology is considered to fulfill the required conditions.
II. OMEGA MEDIA
The propagation constant for axially propagating plane wave in omega media can be easily derived from (1) and is given by [2, 3] 
where t and μ t are, respectively, the relative transverse permittivity and permeability and K n is the normalized omega coefficient defined as K n = K/ √ t μ t . For lossless media with t μ t > 0, K n is purely real. Therefore, for such media the propagation constant is real, i.e., there is wave propagation, only when we have |K n | < 1. An interesting property that separates omega media from conventional magnetodielectric media is that the wave impedance is different for waves travelling in the opposite directions. The wave impedance for axial propagation can be written as [2, 3] 
where the two solutions correspond to opposite axial propagation directions.
III. OMEGA TRANSMISSION LINES

A. Required conditions for the TL unit cell
Bloch impedance can be considered as the characteristic impedance of periodically loaded transmission lines. It is defined simply as the ratio of the voltage and current at the terminals of the unit cell. It should be noted that the value of the Bloch impedance depends on how the terminal points are chosen and is, therefore, not unique for a given unit cell. Bloch impedance for a general periodic structure is defined using ABCD-parameters as [4] 
Here, the two signs correspond to different propagation directions and the current is defined to flow always in the direction of the energy propagation. It should be noted that the top sign does not necessarily always lead to the correct solution for the positively traveling wave and bottom sign for the negatively traveling wave but the solutions may switch. This can be seen as negative real part of the Bloch impedance. Taking this into account, the Bloch impedance for positively (+) and negatively (−) travelling waves can be written as
Comparing (5) to (3), we can see that to have correspondence between the two impedances, we must satisfy
leading to the conditions A = 0 or D = 0 or approximately A D or D A. Furthermore, when said condition is satisfied, the term jB AD−1 corresponds to the magnetodielectric wave impedance of the omega material μ0μt 0 t . Knowing the effective normalized omega coefficient K n , we can also extract the effective refractive index by comparing the dispersion in omega media (2) and the dispersion in the periodically loaded TL. The latter can be calculated easily for any unit cell using basic ABCD-matrix theory and Floquet theorem [4] .
B. Circuit topology
The condition (6) can be satisfied with a variety of different circuit topologies. The simplest possible TL loading element is a T-type circuit (or alternatively π-type) as we need an asymmetric circuit for the Bloch impedances for different propagation directions to be different. Let us take a look at a TL loaded with a T-type circuit as shown in Fig. 1 . A and D components of ABCD-parameters, calculated by simply multiplying the ABCD matrices of each element in the unit cell in the right order, are 
It can be observed that A and D are the same except for the sign of the term Y 2 (Z 1 − Z 3 )/2. Assuming that the period of the unit cell d is very small electrically, these simplify to
Therefore, in order to satisfy (6) we should have
This implies that non-Foster elements, negative capacitors or inductors, are needed. Alternatively, we can approximately satisfy (6) if we have
In fact, the other impedance can be zero. However, as in this formulation the normalized omega parameter K n is equal to (A − D)/2 (or (A + D)/2), only very large values of K n can be realized this way, and in this case the Bloch impedance as well as the propagation constant are purely imaginary for lossless unit cells.
Let us consider the unit cell shown in Fig. 1 with Z 1 = jωL, Y 2 = jωC and Z 3 = −1/Y 2 = −1/(jωC) with L 1 = 100 nH and C = 1 pF. The period of the unit cell is 2 mm and the characteristic impedance of the air-filled host line is 100 Ω. In this case, the condition (6) is clearly satisfied for the frequency range of 0 GHz to 2.5 GHz as the period of the unit cell is sufficiently small electrically. The value of the parameter K n is plotted in Fig. 2(a) and the Bloch impedances as well as the impedance term jB/(AD − 1) = μ0μt 0 t in Fig. 2(b) . When we have |K n | < 1, the wave propagates in the TL. Therefore, the real parts of the Bloch impedances are nonzero and equal, while the imaginary parts have the opposite signs. When we have |K n | > 1, there is no wave propagation as the Bloch impedance is purely imaginary. Notably, for the positive propagation direction the Bloch impedance is very large and imaginary, while for the negative propagation direction the Bloch impedance is close to zero. Therefore, a wave reflected from such TL structure encounters a phase shift of 0 • or 180 • depending on the propagation direction. The impedance term jB/(AD − 1) diverges from the real part of the Bloch impedance after the passband and is fairly constant in the stopband. Similar stopband behavior (but not passband) could also be achieved by having simply Z 3 = 0 Ω. In the presentation, it will be demonstrated how omega-like passband and stopband behavior can be realized using coupled inductors without non-Foster elements.
(a) (b) Fig. 2 : (a) The normalized omega parameter K n ; (b) Bloch impedances for positively (red) and negatively (blue) traveling waves and the corresponding impedance term jB/(AD − 1) (black).
IV. CONCLUSION
We have demonstrated how omega media can be realized using periodically loaded TLs. General conditions for omega-type response have been derived by comparing the characteristic impedances of omega media and a periodically loaded TL. An example of a possible implementation using loading by T-type circuit has been shown.
